Oxidation with air by ascorbate-driven quinone redox cycling † ‡ Transition metal-free oxidation with air at room temperature has been achieved by simply using ascorbate (vitamin C) and catalytic amounts of menadione (vitamin K 3 ). A combination of the mentioned vitamins transforms atmospheric oxygen into hydrogen peroxide, which is able to oxidize arylboronic acids and other chemical moieties.
Oxidation is one of the most fundamental processes in chemistry. Conventional chemical oxidants, however, are usually toxic and there is an increasing academic and societal demand for environment-friendly oxidation methods. 1 In this regard, molecular oxygen seems to be an ideal oxidant and an oxygen-atom source for organic synthesis: it is abundant, environmentally benign and inexpensive, particularly if used directly from air. 2 However, the direct reaction of triplet dioxygen with singlet organic molecules is a spin-forbidden process. 3 As a consequence, oxidation with atmospheric oxygen displays an extremely slow kinetics and it is usually accomplished only under transition metal catalysis, 4 and/or very high temperatures. Transitionmetal-mediated reactions have raised several environmental and economic concerns, 5 which have motivated the development of plenty of transition-metal-free synthetic methods. However only some examples of transition metal-free oxidation by air has been previously reported, 6 and in some cases the reagents employed are toxic and/or too expensive. With the aim of developing an efficient, economic and green way to activate oxygen from air, we took inspiration from biological systems. The biological activation of triplet dioxygen for controlled chemical synthesis occurs via electron transport chains by redox reactions. Particularly promising for our purposes is the redox performance of quinones. 7 In fact, several quinone-type natural molecules are efficient electron carriers, which are able to transfer one electron to dioxygen by the so-called quinone redox cycling (Scheme 1a): one-electron reduction of the quinone by a suitable reducing agent generates a semiquinone, which transfers one electron to dioxygen and reconverts itself into the original quinone. 8 Unfortunately, the single electron reduction of quinones is usually performed by reductases. A very appealing candidate as a reducing agent to mimic the enzymatic quinone redox cycling is ascorbate. Indeed, vitamin C is a mild, inexpensive and non-toxic reducing agent which has been relatively underused in organic synthesis. 9 In this regard, it is known that ascorbate can promote quinone redox cycling. 10 Furthermore, it has been reported that a combination of ascorbate and menadione (2-methyl-1,4-naphthoquinone, also called vitamin K 3 ) generates reactive oxygen species such as hydrogen peroxide in biological tissues. 11 It seems, therefore, to be a very interesting starting point to develop a transition metal-free oxidation method with air (Scheme 1b). Herein we have combined the pro-oxidant activity of ascorbate (vitamin C), 12 and the quinone redox cycling to develop an efficient and environment friendly method for oxidation by generating H 2 O 2 from air at room temperature.
Oxidative hydroxylation of arylboronic acids to phenols was chosen as an optimal example to test the effective generation of hydrogen peroxide from air. Additionally, mild, economical and green synthesis of phenols, particularly by using air, is increasingly attracting attention. 13 Oxidation of phenylboronic acid (1a) to phenol (2a) was evaluated in acetonitrile and NaHCO 3 solution (1 M) stirring at room temperature in air, and protected from light to rule out any effect of irradiation. Several quinones were used to explore which one gives the best results. Fortunately, the oxidation proceeded reasonably well with all the quinones. All yields are shown in Scheme 2 and correlated with the one-electron reduction potential of the corresponding quinone. Although parameters such as solubility or chemical instability of quinones are important to explain these results, the reduction potential of the quinone is the most important factor. It is wellknown that quinone redox cycling is involved in a delicate equilibrium: if quinone is a very good oxidant, the first step (generation of semiquinone) will be favoured, but the second one (regeneration of quinone) will not, and vice versa. 8, 10 Menadione seems to fulfil perfectly the Goldilocks principle, carrying out oxidation with air and leading to the best yield. 14 Moreover, menadione is inexpensive, stable and displays low toxicity. Encouraged by these results, a set of experiments were performed to optimize the reaction conditions (Table 1) . Decreasing the amount of ascorbate leads to lower yields (entries 2 and 3), which supports that hydrogen peroxide generation is enhanced by reduction of superoxide with another molecule of ascorbate (Scheme 1b). 15 Lower yield was also obtained when the amount of menadione was modified (entries 4 and 5). The optimum pH range is 8-9.5, particularly pH = 8.5 (entries 6-9). Finally, the solvent does not play a key role, even when it has been reported that acetonitrile can activate H 2 O 2 (entries 10-13). 16 It is worth mentioning that reaction with no organic co-solvent (entry 13) gave a good yield of phenol but led to lower yields in the oxidation of more lipophilic boronic acids, due to solubility problems. Thus, ethanol was chosen as organic co-solvent, not only because of the slightly higher yield but also because of its sustainability and low toxicity. 17 Next, a series of control experiments were set in order to prove that all of the reagents employed are essential for the process. Under the optimized reaction conditions but in the absence of any one of the reagents, no conversion was observed (Table 2) .
These control experiments also preclude any influence of adventitious metal traces. It is important to highlight that the bicarbonate requirement (entry 5) is not related to the pH value. Indeed the oxidation was unsuccessful when using 1 M solution of K 2 HPO 4 instead of bicarbonate, even though both salts provide comparable ionic strength and pH. The role of a bicarbonate anion is to activate the peroxide generated, increasing the oxidative power of hydrogen peroxide, 18 which by itself is a relatively poor oxidizing agent. The optimum pH for the reaction (pH = 8.5) supports the hypothesis of the bicarbonate-activated peroxide, which is experimentally proved below. Once the optimal conditions were found, the scope of this procedure was evaluated. Different types of boronic acids were successfully oxidized with air by this methodology in good yield (Scheme 3). The nature of the substituents seems to have little effect on the outcome of the reaction. Only sterically crowded 2,6-dimethylphenylboronic acid led to moderate yields of phenol 2c. Additionally, arylboronic esters, potassium trifluoroborate salts (Ar-BF 3 K), and alkyl boronic acids can also be oxidized using this methodology (Scheme 4). A few other reactions that reportedly occur with H 2 O 2 in the absence of metals were tested using this procedure. 20 As it can be seen in Table 3 , ascorbate driven menadione redox-cycling is able to epoxidize cinnamaldehyde with air in similar yields as those reported under analogous conditions with hydrogen peroxide (entry 1). 21 Noteworthily, epoxidation is only successful when a catalytic amount of pyrrolidine is present, in order to favour the nucleophilic addition of the peroxide. 22 Curiously, increasing the amount of ascorbate and menadione drives to over-oxidation of cinnamaldehyde yielding benzaldehyde in good yield (entry 2). 23 Dakin oxidation was only achieved in poor yields, probably due to the lack of heating, and the mild basic conditions (entry 3). Oxidative decarboxylation of phenyl glyoxylic acid was successful (entry 4). And finally, concomitant ipso-hydroxylation and oxidative hydrolysis of nitrile 10 were also achieved (entry 5). Unfortunately, oxidation of sulfides or tertiary amines was unsuccessful under these conditions. While a precise reaction mechanism awaits further study, a few mechanistic experiments support the catalytic cycle depicted in Scheme 1b. When the oxidation of phenylboronic acid 1a is carried out under an 18 O 2 atmosphere, incorporation of such a heavier isotope of oxygen in the final compound is detected (Scheme 5). This fact proves that this methodology indeed activates the atmospheric oxygen and incorporates it into the final products. The hypothesis of hydrogen peroxide production from the oxygen of air was confirmed by detection of peroxymonocarbonate (HCO 4 À ) by 13 C NMR (Fig. S2 , ESI ‡): indeed such an anion is generated by reaction between H 2 O 2 and bicarbonate, and therefore the presence of (HCO 4 À ) in the reaction media necessarily implies that H 2 O 2 has to be present. 24 Additionally, the bicarbonate activated peroxide mechanism is also confirmed by the formation of peroxymonocarbonate, which is a stronger oxidant than hydrogen peroxide. In summary, a novel and green method for oxidation with air is described herein. This procedure requires no transition metals but combines just two vitamins (ascorbate and menadione) at room temperature and atmospheric pressure. Hydrogen peroxide generated in situ by this method has been proven to act efficiently as an oxidant of arylboronic acids and a few other organic moieties. These results can find several applications in many fields besides synthesis, such as water decontamination, 25 cosmetics, 26 or even powering nanomotors. 27 Further studies on combining this methodology with sustainable transition metals and chiral ligands are underway in our laboratory. Trace a n.r. = no reaction. b Experiment performed using either pure water or K 2 HPO 4 (1 M).
Scheme 3 Scope of ipso-hydroxylation of arylboronic acids. Oxidation carried out under optimized conditions for 24 h.
Scheme 4 ipso-Hydroxylation of arylboronic esters, potassium trifluoroborate salts and alkyl boronic acids, using the optimized conditions for 24 h. 
Scheme 5
18 O labelling experiment. Determined by E I mass analysis.
